Perovskite solar cells (PSCs) have been developed rapidly in recent years. How to modify the photophysical properties of perovskite films has become the critical issue, affecting device performance. In this paper, NaI doping into the perovskite layer is attempted to modulate the photophysical properties to improve the performance of PSCs. e perovskite layer was prepared by using the one-step solution spin coating method with doping different concentrations of NaI into the perovskite precursor solution and chlorobenzene employed as the antisolvent. Experimental results show that the absorption band edge and the peak position of the PL spectrum of the doped perovskite thin film were red shifted; thus, the band gap of the semiconductor film became narrow. Doping NaI into perovskite is an effective way, by which the photophysical properties of perovskite films are well modified, thus improving device performance.
Introduction
In recent years, with the rapid development of photovoltaic industry, PSCs are considered the most potential for the future of the new type of solar cells because the advantages of low cost, simple preparation and high efficiency make it the first choice to replace the traditional crystalline silicon solar cell [1] [2] [3] [4] [5] [6] [7] . In the preparation of batteries, the morphology of perovskite layers [8] [9] [10] [11] [12] (including grain size, grain boundary direction, effective film thickness, pore cracks, and surface flatness) and photophysical properties [13] [14] [15] (including band edge displacement, band gap, carrier mobility, and lifetime [16] ) are critical to the performance of devices. If there are cracks and pinholes in the perovskite layer, the light absorption rate will be reduced, the photocurrent will be reduced, and the internal resistance of the battery will be increased. Moreover, it can lead to the contact between the electron transport layer and the hole transport layer, intensify the composite of perovskite photocarriers, increase the leakage current, and thus reduce the performance of the perovskite solar cell. erefore, it is necessary to study how to prepare thin films with good morphology and optical semiconductor properties.
e earliest study of Na + doping was experimentally used for preparation of Cu(In, Ga)Se 2 (CIGS) solar cells. In 2000, Granath's team doped Na + into the absorption layer film to improve the performance of CIGS solar cell devices [17] . In 2009, Caballero et al. studied the effect of Na + on the electronic properties and structure of the CIGS absorption layer [18] . In 2016, according to the theory of the first principle, Yuan et al. found that Na diffusion enhanced ptype conductivity in Cu(In, Ga)Se 2 [19] . It has been reported that rubidium-doped [20] and cesium-doped [21] PSCs have better stability and higher power conversion efficiency (PCE) than pure PSCs. Hong et al., trying to study the advantages of perovskite as a light-absorbing layer material, found that this material can tolerate some internal defects and the intrinsic perovskite material can be self-doped using defect engineering [22, 23] . Mojtaba abdi-jalebi et al. found that Na + , Cu + , and Ag + cationic halides have ionic radii similar to Pb 2+ and can be doped into the perovskite absorption layer to regulate the morphology and photophysical properties of perovskite to improve the photovoltaic performance of perovskite thin films [24] .
A challenging issue in the preparation of PSCs is that nonradiative recombination of electrons and holes will occur during the transmission process, resulting in loss of photocarriers and reduced cell efficiency and performance. If the separation and extraction speed of carriers in the perovskite layer is accelerated, the nonradiative recombination of internal carriers will be reduced. It is envisaged that, on the basis of these studies, the majority of perovskite carrier properties will be changed via experiments, and the perovskite layer will be made into the p-n junction. Under the action of the internal built electric field, the separation and extraction speed of carriers will be improved a lot, and the probability of nonradiation recombination will be reduced a lot, so the performance of the device will be improved. is paper attempts to dope Na + into the perovskite layer to modulate the morphology and photophysical properties of the light absorption layer and improve the performance of PSCs.
At present, the certification efficiency of experimental samples exceeds 20%, and the majority of them use metal as the counter electrode (gold and silver) [25, 26] . is will undoubtedly increase the cost of device preparation, which is not conducive to the commercial production of PSCs. Some researchers use the carbon film, greatly reducing the production cost. Yang et al. prepared a perovskite solar cell with an efficiency of 2.6% by using candle soot carbon as the counter electrode [27] . In our research group, discussed with doping Na + of low concentration on the morphology and physical properties of the device [28] , sponge carbon was used as the electrode, and PCE [29] reached 4.24%. Recently, the effect of crystallization rate on grain size after solution treatment was described [30] , the PSCs prepared by sequential deposition method and the carbon film were used as the counter electrode, and PCE [31] + , and other alkali metal ions. e perovskite layer was prepared by using the one-step solution spin coating method with doping different concentrations of NaI into the perovskite precursor solution and chlorobenzene employed as the antisolvent [32] . It can be seen from the SEM that the doped perovskite film has larger grain size, higher thickness, and fewer grain boundaries and holes. It can be seen from the UV-visible absorption spectrum that its absorption characteristics become better, and both the absorption spectrum and PL spectrum show red shift [7] compared with the pure MAPbI 3 . In normal temperature, PSCs were prepared by the one-step solvent method and the carbon film, with a PCE value of 7.62% and an area of 0.12 cm 2 .
Materials and Experimental Methods

Materials.
e FTO conductive glass is the transparent conductive SnO 2 glass doped with fluorine as the substrate of the thin film solar cell, purchased from Shanghai MaterWin New Materials Co., Ltd (Shanghai, China). Dimethyl sulfoxide (DMSO) and N,N-dimethyl formamide (DMF) were purchased from Alfa Aesar (China) Co., Ltd (Shanghai, China). Acid titanium dioxide solution (bl-TiO 2 ) and 18NR-T TiO 2 (mp-TiO 2 ), isopropanol (IPA), and chlorobenzene were purchased from Shanghai MaterWin New Materials Co., Ltd (Shanghai, China). Spiro-OMeTAD solution, methylammonium iodide (MAI), PbI 2 , and NaI were obtained from Xi'an Polymer Light Technology Corp (Xi'an China).
Device Fabrication.
e overall structure of the device is FTO/bl-TiO 2 /mp-TiO 2 /CH 3 NH 3 PbI 3 /Spiro/FTO(C) from bottom to top. e FTO conductive glass is a photoanode material for solar cell devices, which must be cleaned before use. After cutting the glass, ultrasonic cleaning of FTO was carried out successively with mixed solution (detergent and deionized water), glass water (acetone : deionized water : 2-propanol � 1 : 1 : 1), and alcohol. After washing with deionized water and drying for 30 minutes, the FTO was ozone-treated with ultraviolet ozone (UVO) for one hour before use.
e TiO 2 compact layer (bl-TiO 2 ) was spincoated with a layer of acidic TiO x solution at a rate of 2000 rpm for 60 s and then on the hot plate heated to 100°C for 10 min. Finally, in the muffle furnace, 30 minutes under 500°C, calcination will give a smooth highly dense TiO 2 layer.
e TiO 2 mesoporous layer (mp-TiO 2 ) was spincoated with a layer of the 18NR-T TiO 2 slurry solution at 2000 rpm for 30 s, afterward on the hot plate heated to 100°C for 10 min, and finally in the muffle furnace under 500°C calcination and 1 hour to get an uniform mesoporous TiO 2 layer.
Two kinds of precursor MAI (CH 3 NH 3 PbI 3 ) and PbI 2 (concentrations were 1.2 mol/L and 1.3 mol/L) were dissolved in dimethyl sulfoxide (DMSO) and N, N-dimethylformamide (DMF) of two kinds of solvents (volume ratio of 1:4) in the mixed solution. Masses 0.1125 g, 0.135, and 0.18 g NaI were dissolved in the well-prepared precursor solution. After that, 0.75 mol/L, 0.9 mol/L, and 1.2 mol/L of yellow transparent doped NaI perovskite precursor solution could be obtained. After the solution was allowed to stand for 12 hours, it was filtered to obtain very clear doped MAPbI 3 precursor solution. Two stages are required for perovskite coating: 1000 rpm for 10 s and 3000 rpm for 30 s. 20 ul of chlorobenzene was added with 15 s left in the second stage. On the hot plate, under 100°C annealing 40 min, perovskite film or the film doped into perovskite can be obtained. An appropriate amount of Spiro spin coating to the perovskite film was applied. e hole transport layer is obtained by rotating it for 30 s at the rate of 3000 rpm. Finally, the counter electrode was cleaned with FTO as the substrate, and the smoke particles generated by candle combustion formed the carbon film. e prepared carbon film was aligned on the top layer of the prepared device. A small clip was used to clamp the sides for easy packaging.
Characterization.
e morphology of the perovskite films was measured using a scanning electron microscope (SEM) (SIGMA, Zeiss, Jena, Germany). e equipment can also test energy dispersive X-ray spectroscopy (EDS) for chemical composition analysis of doped perovskite film samples. X-ray diffraction (XRD) data from samples of perovskite films deposited onto FTO/bl-TiO 2 /mp-TiO 2 substrates were collected using an X-ray diffractometer (D8 Focus, Bruker, Dresden, Germany). e absorption spectra of perovskite films with different doping concentrations of K + were analyzed by an ultraviolet (UV) visible absorption spectrometer (Avantes, Apeldoom, e Netherlands), and the PL was examined by a LabRAW HR800 PL testing system (HORIBA JObin Yvon, Paris, France). Photocurrent density-voltage (J-V) characteristics were measured under simulated standard air quality daylight (AM 1.5, 100 mW/ cm 2 ) with using a solar simulator (Sol 3A, Oriel, Newport, RI, USA). e results show the formation of the MAPbI 3 ·H 2 O intermediate with water molecules in the air, thus inevitably leading to the breakdown of perovskite films. It can be found in the SEM images that when the dope concentration is 1.2 mol/L, a minor change occurs in the morphology of the perovskite films, which produces square particles.
Results and Discussion
Comparing Figure 1 (c) with Figure 1 (e), Figure 1 (c) shows relatively more surface cracks, and the overall surface of the perovskite layer is not smooth enough, with many bumps. In Figure 1(d) , it is apparent that there are different directions and irregular grain boundaries, and there are still small holes in the perovskite layer. For the carrier to the electronic transport layer and hole transport layer separation, transmission has a certain impact.
is is why the efficiency of the Sample+0.75 M perovskite solar cell device is worse than Sample+0.9 M. Due to excessive grain boundaries and large cracks exposed to air as shown in Figure 1 (g), a MAPbI 3 ·H 2 O intermediate is formed with water molecules in the air, which causes decomposition of the perovskite film [33] . As a result, the effective thickness of the perovskite film of Sample+1.2 M is relatively less. From the cross-sectional view shown in Figure 1(h) , it can be seen that there is a distinct hole in the place where the mesoporous TiO 2 layer is contacted and the cracks between the blocks seem to be larger. ere are many crystal boundaries between grains, and the perovskite layer has an obvious block-like structure and irregular crystal blocks. ese boundaries and irregular crystal blocks will affect the separation and transmission of carriers to the electron transport layer and hole transport layer. is is also the reason why the efficiency of the perovskite solar cell device of Sample+1.2 M is worse than that of Sample+0.9 M.
Comparing Figure 1 (h) with Figure 1 (d), it can be seen that the grain boundaries in Figure 1 (h) are obvious and the cracks are large, but they are all vertical grain boundaries with limited influence on carrier transport. However, there are irregular grain boundaries in different directions in Figure 1 (d) and still small holes in the perovskite layer. It has a great influence on the separation of carrier over the electron transport layer and hole transport layer. As a result, the device efficiency of Sample+1.2 M is higher than that of Sample+0.75 M. e perovskite layers shown in Figures 1(d) , 1(f), and 1(h) are of similar thickness, but the cross section of the perovskite layers shown in Figure 1 (f) is generally more uniformly flat, and Figure 1(f) shows the perovskite layers have substantially negligible grain boundaries in the vertical direction. e carriers move along the vertical direction, and the decrease in the grain boundary is beneficial for the carriers to separate the electron transport layer and hole transport layer. e results showed that the Sample+0.9 M perovskite battery device had the best performance.
In addition, comparing with Figure 1(a) , it can be found in the top view of Figures 1(c) , 1(e), and 1(g) that the doped Na + forms a perovskite film with a smoother overall surface and fewer cracks between the crystal blocks.
e size of doped perovskite crystal grains is about three times larger than that of undoped crystal grains; therefore, it can be said that the quality of the whole perovskite layer has been greatly improved. Comparing with Figure 1(b) , it can be found in the cross-sectional view of Figures 1(d), 1(f ) , and 1(h) that the thickness of the perovskite film doped with Na + is much thicker than that of the undoped perovskite film. Compared with the pure perovskite films, the doped cross-section images have fewer pores and grain boundaries, forming more favorable conditions for carrier migration.
Furthermore, in order to verify whether Na + has been incorporated into the perovskite layer films of MAPbI 3 , EDS elemental analysis results of perovskite layer films doped with Na + at different concentrations is given in Figure 2 . e EDS of the samples shows that the perovskite microcrystalline film has Na + . In EDS, we can see that the peak strength of sodium (shown in red circle) increases gradually with the increase in the doping concentration of sodium, and the signal strength becomes more and more obvious. From the SEM images, it can be found that, with the addition of sodium, the perovskite grains become larger and the thickness of the lm increases signi cantly. Figure 3 shows further observation of the e ect of Na + -doped perovskite solution on the crystal structure of perovskite.
e XRD images of the four groups of devices show that the characteristic peaks of doped perovskite and pure MAPbI 3 appeared in 2θ 14.17 and 28.24, corresponding to the crystal faces of the perovskite (110) and (220). From the XRD image (Figure 3(a) ), it can be found that with the increase in doping concentration, the ratio of crystal face index (110) and crystal face index (220) characteristic peak intensity increase with the decrease of the rst. Figures 3(b) and 3(c) show the curve of characteristic peaks after the normalized smoothing of crystal surface indices (110) and (220), respectively. Na + doping has an e ect on the growth of the crystal surface, leading to the change of perovskite morphology. When doping Sample+0 M, Sample+0.75 M, and Sample+1.2 M, the ratio of characteristic peak strength is all greater than 1, and only when doping Sample+0.9 M, the ratio of characteristic peak strength is less than 1. 
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It can be concluded that when doped with Sample+0.9 M, the in uence of Na + -doped perovskite solution on the crystal structure of the perovskite layer is signi cantly di erent from that of the other three groups of samples. Here, we combine the SEM images of Figure 1 for observation, the SEM image of doping Sample+0.9 M is the one with the largest atness, and the grain boundary in the cross-section image basically has no obvious holes or bumps. erefore, it is speculated that the battery performance of doping Sample+0.9 M may be signi cantly di erent from other samples, and the battery performance may be better.
All perovskite lms were prepared on FTO/bl-TiO 2 /mpTiO 2 substrates. It can be clearly seen from Figure 4 that the absorption range of pure MAPbI 3 perovskite lm and the perovskite lm prepared by NaI-doped perovskite solution is between 400 nm and 750 nm. e higher the Na + doping concentration, the more obvious the red shift of the absorption band edge of the perovskite lm. In this paper, it is pointed out that the absorption band edge red shift in the absorption spectrum shows the positional change at the intersection of the absorption band edge extension line and the abscissa axis. In this paper, the red shift is due to the improvement of the crystallinity of perovskite after doping with Na + , and crystal surface passivation enhances the crystal structure and lm thickness, reduces defect density, and improves crystallization quality. e alkali metal cation Na + with small ion radius was added to modulate the band gap, band gap reduction. Finally, the UV-visible red shift occurred [7, 24, 34] . Figure 5 shows the various concentrations of Na + -doped perovskite thin lm photoluminescence spectrogram and shows that the samples are in the preparation of mesoporous TiO 2 . It can be clearly seen from Figure 5 that the emission peak of MAPbI 3 perovskite appears around 770 nm. By comparison, the emission peaks of NaI-doped perovskite lms all moved to a longer wavelength range.
e results are consistent with references [7, 35] . Also, with the continuous increase in concentration of NaI, the PL peak position of long wavelength shift and the band gap narrows gradually. e top left corner of the graph is the normalized PL graph, and it can be clearly seen that the PL emission peak of the perovskite layer lm after doping has red shifted, which is consistent with the conclusion of the corresponding absorption spectrum. Doping can regulate the photophysical properties of semiconductor perovskite thin lm materials, which is expected to be used in solar cells.
e device structure prepared in this experiment is shown in Figure 6 (a), FTO/bl-TiO 2 /mp-TiO 2 /CH 3 NH 3 PbI 3 / Spiro/Carbon/FTO). e solar rays enter from the bottom and pass through the electron transport layer to the doped perovskite layer and then to the hole transport layer and the electrode prepared by the carbon lm to form a loop. e J-V curve of the Na + -doped perovskite solar cell device is shown in Figure 6 (b), the device corresponding to the four performance parameters are shown in Table 1 . From the detailed data in Table 1 , it can also be seen that when the NaI doping concentration is 0.9 mol/L; the performance of PSCs is best; J sc , V oc , and FF are 18.11 mA/cm 2 , 908 mV, and 46.35%, respectively; and the device e ciency is 7.62%, one time greater than that of the PCE of an undoped MAPbI 3 perovskite cell device. It can be seen from the above that the device e ciency increases with the increase in the doping concentration of Na + , while the device e ciency decreases when the doping concentration is Sample+1.2 M. As can be seen from Figure 1 , excessive grain boundaries and large cracks were found between the grains of the Sample+1.2 M perovskite layer, resulting in poor contact with the interface of the electron transport layer.
Conclusions
According to the above data analysis, perovskite doped with appropriate amount of Na + can improve the quality of thin lms (including grain size, the e ective thickness of the lm, surface atness, and the number of grain boundary, holes, and cracks), and photophysical properties (including PL launch peak wavelength, PL launch peak displacement, wavelength absorption band displacement, and energy gap change) have a significant impact. In this experiment, the doped perovskite film particles with a concentration of 0.9 mol/L were larger and had better crystallinity. It can be seen from the UV-visible absorption spectrum that its absorption characteristics become better, and the absorption spectrum and PL spectrum are redshifted compared to pure MAPbI 3 . EDS also proved that Na + was doped into the perovskite absorption layer. is indicates that J sc , PCE, and optical absorption values of the cell devices have been improved within a certain doping range. e experimental samples in this experiment were battery devices with an area of 0.12 cm 2 prepared in air. e carbon film was used as the electrode, and the PCE of the experiment reached 7.62%. It can be seen that the doping process we use is promising and can produce cost-effective devices with low cost in air.
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